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A B S T R A C T
The development of hard, multi-layer coatings is an effective strategy to enhance the wear resistance of cutting
tools and so extend their service life. In the present study, a sandwich structured TiN/g-TiSiN/TiSiN film (where
a graded (g-) TiSiN layer with an increasing Si content from 0 to 10 at% was inserted as a transitional layer
between the TiN layer and the TiSiN layer with a fixed silicon content of 10 at%) was prepared on to a M42 tool
steel substrate. Its mechanical properties were compared to both a dual-layered TiN/g-TiSiN film and a
monolithic TiN film. Nanoindentation testing, assisted by focused-ion-beam (FIB) microscopy, was employed to
evaluate contact-induced deformation and the mode of fracture of these films. Indented regions created on
samples by a 5 μm radius indenter were examined by transmission electron microscopy (TEM). Finite element
analysis was used to model the stress distributions within these films and predict the regions where crack in-
itiation and growth may occur. The deformation of the monolithic TiN film was found to be predominantly
accommodated by shear sliding along columnar grain boundaries, leading to a lower resistance to deformation.
For the bilayer TiN/g-TiSiN film, the g-TiSiN layer hindered the propagation of columnar cracks, however, this
bilayer film exhibited a stress concentration together with radial cracks at the bottom of the film. Compared with
the former two films, the sandwich-structured film that contained the graded TiSiN interlayer exhibited the
highest resistance to contact damage. This is because the graded TiSiN interlayer altered the stress distribution in
the film and lowered the overall stress concentration level.
Introduction
Owing to its high hardness, good adhesion, chemical stability and
low friction coefficient, titanium nitride (TiN) is an attractive candidate
material to prolong the service lifetime and enhance the performance of
various cutting tools [1–5]. Nevertheless, TiN thin films cannot satisfy
the ever-increasing demand for the performance of cutting tools used in
hostile conditions. For example, high-speed cutting is necessary for
improved processing efficiencies and machining cost reduction, but the
resultant high temperature generated at the contact area between cut-
ting tool and workpiece and the intense friction that results can readily
lead to failure of the TiN film, due to its poor oxidation resistance and
insufficient hardness [6–9]. Therefore, much effort has been devoted to
addressing these problems through tailoring the composition and
structure of coatings based on substitutional alloying [10] or multi-
layer architecture methods [11].
The incorporation of Si, forming a nanocomposite (nc) structure
consisting of nc-TiN embedded in amorphous a-Si3N4 matrix [12–14],
leads to significant increases in both hardness and oxidation resistance.
TiSiN nanocomposite films are reported to achieve extremely high
hardness values greater than 40 GPa, when the addition of Si is about
∼7 at% [15,16]. Prilliman et al. [17] suggested that such a notable
increase in hardness resulted from a combined action of only elastic
deformation occurring within TiN nanocrystals with diameters of only a
few nanometers, while the amorphous a-Si3N4 boundary layers sup-
press grain boundary sliding. Further, the addition of Si is beneficial to
the oxidation resistance of TiN, because the SiO2 formed on the surfaces
of the material has a lower oxygen diffusion rate than TiO2 [18,19].
Despite these desirable properties, the main drawbacks of this na-
nocomposite coating are the high residual stress levels generated and its
brittle nature. These lead to poor adhesion strength at the coating/
substrate interface and deformation in a catastrophic fashion through
the formation of lateral or radial cracks [20–22]. Inspired by natural
composites, such as shells, bone and enamel, multilayered coatings that
consist of two or more distinct layers of dissimilar materials arranged
alternately, have been developed. Those multilayered coatings exhibit a
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higher resistance to crack propagation and high temperature oxidation,
compared to monolithic coatings [23,24]. Furthermore, previous
modelling studies have indicated that graded multilayer coatings, with
a progressive increase in modulus from the coating/substrate interface
to the coating outer surface, are able to avoid the generation of stress
discontinuities at the interface coating/substrate and this then de-
creases the stress intensities both in the substrate and in the coating
[25]. PalDey et al. [26] found that graded (Ti,Al)N coatings with a
graded distribution of Al concentration exhibited much higher critical
loads for coating adhesion than monolithic (Ti,Al)N coatings. This then
demonstrated the potential to improve the properties of wear resistant
coatings. Through both experimental work and computational simula-
tion, Suresh et al. [27] also demonstrated that the glass-infiltrated
alumina with controlled gradients in elastic modulus exhibited more
resistant to frictional sliding contact damage than either monolithic
alumina or glass, separately, or in an alumina–glass composite.
In this study, a sandwich structured TiN/g-TiSiN/TiSiN multi-layer
film with a graded (g-) TiSiN interlayer was fabricated onto a M42 tool
steel substrate using unbalanced magnetron sputtering. The deforma-
tion behavior of this multi-layered film was compared with both a dual-
layered TiN/g-TiSiN film and a monolithic TiN film through both in-
strumented nanoindentation experiments and numerical simulations.
To elucidate the influences of the multilayer architecture on the de-
formation mechanism of the sandwich-structured film, focused ion
beam (FIB) cross-sectional morphologies of indentations, induced by a
spherical-tipped conical indenter, were observed either directly or by
transmission electron microscopy (TEM) examination. Finite element
simulations were also used to investigate the effect of the film archi-
tectures on stress development of these films during nanoindentation.
Experimental procedure
Sample preparation
AISI M42 tool steel (hardened to HRC 65) was used as the substrate
material in this study. The substrates were finely polished only on one
side to an average surface roughness of 0.03 μm. The coatings were
deposited using a UDP650 closed field unbalanced magnetron sput-
tering system with a four-target configuration (Teer Coatings Ltd., UK).
Details of the deposition process have been described elsewhere [28].
There were four targets (three Ti and one Si) involved in the closed field
unbalanced magnetron system, each was 380mm×170mm in size,
which was vertically aligned in the cylindrical PVD reactor. Prior to
deposition, the background pressure of the sputtering system was re-
duced to less than 2.0× 10–6 Torr, then Ar gas flow was admitted and
controlled to maintain a working pressure of 1.3× 10–3 Torr. In order
to remove any oxide layer or contaminant on the surface, the substrates
were ion etched using an Ar plasma at a bias voltage of −600 V for
30min. During deposition, the substrate bias power was kept constant
at −60 V, while the Ti target current was maintained at 8 A. The de-
position temperature was fixed at 550 °C. The substrates were rotated at
a speed of 10 rpm to promote coating homogeneity. A reactive N2 gas
flow was admitted continuously during the process for the growth of
nitrides and the nitrogen concentration was automatically controlled
via an optical emission monitoring (OEM) system. For better adhesion,
a titanium wetting layer approximately 0.2 μm thickness was initially
deposited on the substrate surfaces by applying a current of 8 A to the Ti
targets for 10min. Then, a TiN layer with the thickness of ∼2 μm was
deposited for the monolithic TiN film sample. A TiN layer, with a
thickness of 0.4 μm, was deposited onto the other two specimens.
Afterwards, the current of the Si target was increased linearly up to
2.5 A, so that a graded TiSiN layer was formed on the monolithic TiN
layer and deposited onto the TiN/g-TiSiN sample and TiN/g-TiSiN/
TiSiN sample with thicknesses of 1.6 μm and 0.6 μm respectively. For
the final stage, the Si target current was maintained at 2.5 A and a TiSiN
layer with the thickness of ∼1 μm was deposited on the TiN/g-TiSiN/
TiSiN sample, this layer contained a constant Si content of about 10 at
%.
Nanoindentation
To introduce inelastic deformation and fracture damage in the
coatings, an Ultra-Micro Indentation System (UMIS-2000, CSIRO,
Sydney), equipped with a spherical-tipped conical indenter of 5 μm
radius was employed. The spherical indenter tip was chosen as the
stress field is more uniformly distributed under the indenter tip com-
pared with sharper indenter types. For each specimen, maximum loads
of 100mN, 300mN and 500mN were applied. The contact force was
initially set to 0.015mN, and then increased in a square root progres-
sion, where there were a larger number of force increments at the be-
ginning of loading compared to that nearer to the maximum load. Each
loading and unloading procedure was performed in 50 steps with a 0.1 s
dwell time following each increment and hold for 30 s at the peak load.
To obtain more accurate data, 6 indentations were applied for the
maximum load with 50 μm spacing between indents on each sample
surface.
Microstructural characterization
A focused ion beam (FIB) microscope (FEI xP200) was used for
milling and imaging microstructural cross-sections and also for trans-
mission election microscopy (TEM) sample preparation. Details of these
procedures have been given elsewhere [29]. Briefly, a protective layer
of platinum (∼1 μm thick) was initially deposited onto the coating
surface in the vicinity of the indent, and then cross-sections of the in-
dented region were milled by the ion beam, using beam currents of
2700 pA or 6600 pA for the initial cuts and then from 1000 pA down to
150 pA for final cleaning. Subsequently, the sample was tilted to
30°−45° for imaging, with minimal specimen damage, using a beam
current of 11 pA or 70 pA. The images were obtained from ion-beam
induced secondary electrons [30]. Further, TEM samples of both un-
deformed and deformed samples were characterized using a Philips CM
200 field emission gun TEM (FEGTEM) operating at 200 kV and VG 601
UX operating at 100 kV. Both bright field and dark field images were
acquired to examine the cross-sectional microstructures of samples.
Samples for TEM analysis were prepared using ex-situ lift out using a
Fei Nova Nanolab FIB.
First-principles calculations
First-principles calculations was performed to explore the influence
of Si additions on the mechanical properties of the TiSiN. The calcu-
lation based on density functional theory (DFT) was implemented with
the Cambridge Sequential Total Energy Package (CASTEP) code using
Fig. 1. Finite element model configurations for the simulation of indentation.
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the Perdew–Burke–Ernzerhof exchange–correlation in the framework of
the generalized-gradient approximation (GGA)[31]. A supercell method
was used to build the NaCl type structured TiSiN. 24 Ti atoms and 24 N
atoms were contained in the 1× 2×3 supercell. The TiSiN with dif-
ferent Si concentration was construct by different amounts of Si atoms
replacing Ti atoms. A cutoff energy of 350 eV and 3×3×2 k-points
mesh generated by the Monkhorst–Pack method [32] were used after
convergence tests. The calculation of elastic moduli and Poisson’s ratio
of TiSiN were based on the Voight–Reuss–Hill approximation [33].
Fig. 2. Bright field TEM image of (a) the TiN film, (c) the TiN/g-TiSiN film and (e) the TiN/g-TiSiN/TiSiN film deposited on the M42 tool steel substrate and the
corresponding SAD patterns obtained from (b) the TiN layer in the TiN film, (d) the TiSiN gradient layer in the TiN/g-TiSiN film and (f) the TiSiN nanocomposite
layer in the TiN/g-TiSiN/TiSiN film.
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Finite element simulation
In this simulation, a two-dimensional finite element model was
employed to reduce computational time without compromising accu-
racy of the simulations. For all the simulations, it was assumed that the
coating is perfectly adhered to the substrate and, further that there is
frictionless contact between the coating and the indenter. It was further
assumed that all the interfaces between the different layers were per-
fectly bonded. A static analysis was adopted on the assumption that the
loading process was slow. The indenter and the substrate were identical
for all three simulations. The indenter that was used had a spherical tip
with a radius of 5 μm. The total scale of substrate and the film simulated
was 50 μm in height and 100 μm in width. The substrate was divided
into two sections as indicated in Fig. 1. The mesh is refined directly
below the indenter for accuracy and gradually coarser closer to the
edge. The boundary conditions of the left and right-hand side are set to
restrain the nodal displacement in the x and z direction and the rotation
of y-axis. The bottom is fixed in the y direction but was allowed to move
in the other directions. Because the model dimensions are significantly
larger than the coating thickness, any edge effects from the boundary
constraints are negligible. Indenter movement was simulated as a
downwards displacement according to the force–displacement curve of
500mN, which is assumed to correspond to a maximum indentation




Fig. 2 shows typical cross-sectional TEM bright-field images re-
corded from the monolithic TiN film, a dual-layered TiN/g-TiSiN film
and the sandwich-structured TiN/g-TiSiN/TiSiN film. The selected area
electron diffraction (SAED) patterns inset in each micrograph were
obtained from the TiN layer in the TiN film (a), the TiSiN gradient layer
in the TiN/g-TiSiN film (b) and the TiSiN out layer in the TiN/g-TiSiN/
TiSiN film (c), respectively. The corresponding Miller indices (hkl) of
each ring are labelled. The configurations of the three coating systems
studied in this paper were listed in Table 1, which was used in the
subsequent work for the finite element simulation.
The monolithic TiN film consists of columnar TiN grains, together
with the Ti buffer layer, with a total film thickness of about 2.2 μm. The
columnar grains extend across the TiN layer, with their long axis or-
iented in a direction perpendicular to the substrate surface.
The dual-layered TiN/g-TiSiN film, shown in Fig. 2(b), includes a
TiSiN graded layer deposited on the TiN columnar structure layer that is
about the same thickness as the monolithic TiN film. Although there
was no distinct interface between the TiN layer and the graded TiSiN
layer, the columnar structure became finer moving from the TiN layer
to the TiSiN graded layer with an increasing concentration of Si in-
corporated into the film during the deposition process. A similar ob-
servation was also reported by Cairney et al. [34] for dual-layer TiN/
TiAlN coatings.
According to the preparation of TiN/g-TiSiN/TiSiN film, a TiSiN
nanocomposite layer was deposited on the TiSiN graded layer and
harmonized the thickness with each layer to maintain the overall film
thickness to be about 2.2 μm. Nevertheless, no clear interface was
observed between the two layers nor any distinct change in the mi-
crostructure. The transition region of the TiN layer and the g-TiSiN
layer was similar to the second film. Thus, the structure of the g-TiSiN
layer was difficult to distinguish from the structure of the TiN/g-TiSiN/
TiSiN film. In other words, the g-TiSiN layer played the role of the
transition layer to avoid a sudden change of microstructure between the
TiN layer and TiSiN layer. The same function was expected to be found
on the mechanical properties of the TiN/g-TiSiN/TiSiN film.
The three brighter concentric Debye–Scherrer rings, which can be
found in each SAED pattern, were consistent with the Bragg reflections
for cubic TiN and corresponded to the (1 1 1), (2 0 0) and (2 2 0) planes
from the inside outwards. No other phase was observed from the SAED
patterns. Fine detail in the SAED pattern indicated changes between
each layer. In the TiN layer, the measured lattice parameter was
0.43 ± 0.05 nm. This was slightly larger than the value of the g-TiSiN
layer (0.42 ± 0.06 nm) and the TiSiN nanocomposite layer
(0.41 ± 0.04 nm). The slight reduction in lattice parameter is likely
due to the incorporation of Si atoms of smaller atomic radius, where Si
replaces Ti in the TiN lattice [35,36].
The Si in the TiSiN layer existed both in the form of solid solution
and the SiNx phase according to a previous study [36,37]. The high
content of Si in this layer may led to a thicker SiNx interfacial phase and
further result in the generation of the amorphous Si3N4 phase [38]. The
arc-shaped diffraction reflections observed in the diffraction pattern
from the TiSiN layer in Fig. 2c likely resulted from the presence of the
SiNx phase. As reported [36], the crystallite size of TiN grains was re-
duced with the increasing Si concentration. A smaller crystallite size
and thus a more accurate analysis can result from arc-shaped diffraction
reflections. In addition, the finer TiN grains, which presumably arose
from the separation of a SiNx interfacial phase during the deposition
process, may exhibit a wider distribution of orientations in the TiSiN
nanocomposite layer.
The SAED pattern from the TiSiN graded layer shows Bragg reflec-
tions for TiN, but no reflections for the Si3N4 phase were observed. A
larger number of diffraction reflections distributed in the corresponding
diffraction rings suggested that the columnar grains were transformed
into finer grains with a range of different crystal orientations as the Si
content increased throughout the TiSiN layer. Different from the high-
volume fraction of the Si3N4 amorphous phase in the TiSiN nano-
composite layer which obstructs the growth of the TiN grain, the low
content of Si in the TiSiN graded layer affects the microstructure by
increasing the nucleation rate of the TiN. The more Si doped, the
greater the nucleation rate became and thus the finer the grain size
presented [39,40].
In addition, at lower Si contents (less than 8 at%), attention has
been focused on the SiNx phase distributed around the TiN grain
boundaries [38,41]. The crystallized SiNx phase (< 0.7 nm in thickness)
grows epitaxially on the TiN grains, which has been observed to hinder
dislocation slip [37,42]. The extent of this interfacial area was in-
creased through the incorporation of Si and this contributes to the
strength of the g-TiSiN film.
Nanoindentation tests
Fig. 3 shows the force–displacement curves from the monolithic TiN
film, the TiN/g-TiSiN film and the TiN/g-TiSiN/TiSiN film, subjected to
nanoindentation to maximum loads of 100mN (a), 300mN (b) and
Table 1
Configuration of three coating systems modelled in this work.
Modelling sample TiN layer (μm) TiSiN gradient layer (μm) TiSiN nanocomposite layer (μm) Total thickness (μm)
a 2.0 – – 2.0
b 1.0 1.0 – 2.0
c 0.4 0.6 1.0 2.0
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500mN (c), using a 5 μm radius spherical indenter.
At very low loads (0–20mN) the maximum depth of penetration is
less than the 10% thickness of the entire film according to the inset
graph shown in Fig. 2a. The load–displacement curve mainly reflects
the hardness of the films excluding the contribution from the substrate.
It is obvious that the g-TiSiN layer increases the hardness of the TiN/g-
TiSiN film relative to the TiN film. Further with the TiSiN layer
deposited on the g-TiSiN layer, the TiN/g-TiSiN/TiSiN film exhibits the
highest hardness in the initial stages of the indentation.
Under maximum loads of 100mN, 300mN and 500mN, the
load–displacement behavior of TiN/g-TiSiN/TiSiN film is mainly elastic
and reversible and only a small amount of plastic deformation is de-
tected. While the plastic deformation is clear in the TiN film and the
TiN/g-TiSiN film, the sandwich structure film with the g-TiSiN inter-
layer still exhibits the highest hardness and protects the substrate from
contact damage.
At the three different maximum loads shown in Fig. 3, there are
indications of pop-in events (that is, sudden changes in indentation
depth with a small increase in load) in all the three films. Examples are
marked by the black arrows and dotted circles for each curve in Fig. 3.
In brittle materials, pop-in events indicate a high energy release [43],
which is normally associated with crack initiation and propagation
[44,45] or delamination of the films [46]. The pop-ins observed here
are divided into two categories.
Pop-ins marked by arrows represent minor events. They are of
limited size in the load–displacement curve and some are difficult to
discern. Further, they have only minor effects on the slope of the curve.
For the TiN film, they appear on both of the load and unload curves. In
the TiN/g-TiSiN film, they are only observed on the unloading curve
and they are not detected at all for the TiN/g-TiSiN/TiSiN film. Based
on the structure of these films, these small pop-in events are interpreted
as the initiation of cracks or other minor failures in the film [47]. Thus,
it can be suggested that the g-TiSiN layer refines the structure of TiN
and hinders the initiation of cracks during the loading process in the
TiN/g-TiSiN film and limits the formation of small cracks during the
unloading process in the TiN/g-TiSiN/TiSiN film.
The other pop-ins marked by the dotted circles indicate more severe
events. They are all observed in the unloading process and represented
by changes in the slope of the load–displacement curve. Under a
maximum load of 100mN, no event is observed in the films. When the
maximum load is increased to 300mN, pop-ins appear both in the TiN
film and TiN/g-TiSiN film. When the maximum load is 500mN, pop-ins
can be detected in all of the films. These severe pop-in events represent
the propagation of the cracks in the films. Thus, it can be indicated that
in the single g-TiSiN layer cracks propagate readily. However, when the
TiSiN layer is added, the resistance to the propagation of the cracks can
be significantly increased.
In summary, the TiN/g-TiSiN/TiSiN film exhibits not only shallower
penetration depth at maximum load, but also the highest recovery rate
(can be calculated by −1 hh
r
max
, where hr is the residual indentation
depth and hmax is the maximum penetration depth), which indicates
that this film has the highest resistant to contact damage. Thus, the
sandwich structure with the g-TiSiN interlayer greatly assists in hin-
dering the initiation and propagation of cracks.
FIB cross-sectional images and surface morphology
Fig. 4 shows ion-induced secondary electron images of the outer
surface topography for the three samples subjected to nanoindentation
to a maximum load of 500mN with a spherically-tipped indenter with a
radius of 5 μm. The indentation diameters of the TiN film, the TiN/g-
TiSiN film and the TiN/g-TiSiN/TiSiN film were 7.0 μm, 6.8 μm and
5.0 μm, respectively. The smaller the diameter of the indentation, the
higher plastic deformation resistance of the film and hence higher the
hardness. The radial cracks marked by the blue arrow were only ob-
served for the TiN film. In addition, nest cracks, marked by the red
arrow, were distributed near the edge of the indentation. Fewer cracks
were observed in the TiN/g-TiSiN/TiSiN film, which indicated higher
deformation resistance.
Fig. 5 shows FIB cross-sections of the three coatings following na-
noindentation under a maximum load of 500mN with a 5 μm spherical
indenter. The thin dark layers between the film and the substrate
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Fig. 3. Force-displacement curves for the three samples following na-
noindentation, using the 5 μm radius indenter, up to a maximum load of
100mN (a), 300mN (b) and 500mN (c).
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represent the Ti wetting layer and no discernable delamination was
observed in any of the three film/substrate systems, indicating that the
Ti layer is effective as a wetting layer and acts to improve the adhesive
strength of all three films. As shown in Fig. 5a and b, the TiN film and
the TiN/g-TiSiN film are more heavily deformed, and the maximum
penetration depth was measured to be 0.92 μm and 0.82 μm, respec-
tively. In addition, the thickness of all the indented films is broadly
uniform across the indented region, indicating that the coatings them-
selves do not undergo significant plastic flow during indentation [48].
Plastic deformation thus takes place in the substrate underneath the
spherical indent, as marked by the pink arrow in Fig. 5a. The micro-
structure of the substrate underneath the impression exhibits elongated
grains that indicate the plastic deformation of the steel. The depth of
TiN/g-TiSiN/TiSiN film indentation was the lowest at 0.29 μm, and
only a small amount of plastic deformation was observed in the sub-
strate, indicating that TiN/g-TiSiN/TiSiN film has an enhanced capacity
to resist deformation. A significant reduction in surface roughness was
detected in the TiN film especially at the center of the indentation,
relative to the periphery of the indentation. This shows that there is a
compressive stress at the surface of the film under the indentation. The
compressive stress at the surface of the film can restrain the growth of
surface cracks [49,50].
A small number of radial cracks appeared in the TiN film near the
center of the indent, as marked by blue arrows. While, no radial crack
can be observed on the surface of the nanoindentation for both TiN/g-
TiSiN and TiN/g-TiSiN/TiSiN films. The radial cracks visible on the
surface of the indentation were identified to initiate at the coating/
substrate interface [51] and are explained as the result of the tensile
stresses at the bottom of the film [52]. Thus, under increasing in-
dentation load, TiN film underwent bending and suffer increased radial
stress which facilitates the formation of radial cracks [53]. By contract,
higher compressive stress appeared in the TiN/g-TiSiN and TiN/g-
TiSiN/TiSiN films, which inhibited the propagation of radial cracks to
the surface of the film. Nest cracks, or inner circumferential cracks,
which were parallel to the indenter edges at the coating surfaces can be
observed inside the indented region of the two columnar-structured
films [47,54], as marked by red arrows in Fig. 4a and b. Only a small
number of nest cracks were observed near the indentation periphery of
the impression of the TiN/g-TiSiN/TiSiN film shown in Fig. 4c, in-
dicating the greatest contact damage resistance. No edge cracking was
observed outside the contact periphery for all the tested samples.
It is important to note that a bright line was observed in the cross-
sectional image from the indented TiN/g-TiSiN/TiSiN film, as marked
by yellow arrows in Fig. 5c and d. This is speculated to be either a
lateral or burst crack that occurred during nanoindentation or an ar-
tefact which was introduced during coating deposition. The same ob-
servation was found in TEM images recorded from the same sample
(Fig. 7) as described in a later section of this paper.
TEM cross-sectional images
Bright field TEM images of the indents in the three films are shown
in Figs. 6 and 7. These show the cross-sectional microstructure of these
coatings in more detail. These cross-sectional TEM specimens, which
Fig. 4. FIB images of the top surface of the (a) the TiN film (b) the TiN/g-TiSiN film and (a) the TiN/g-TiSiN/TiSiN film.
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were subjected to nanoindentation load of 500mN using a 5 μm radius
spherical indenter, were prepared across the center of the indents by a
dual beam FIB (DB-FIB).
TiN and TiN/g-TiSiN films
Fig. 6a is a bright field TEM image recorded from the center of the
indented region for the TiN film. A number of columnar cracks, marked
by green arrows, are seen to extend from the bottom of the TiN film
towards the top surface. It has been previously reported [51] that in-
tercolumnar shear sliding was observed to be the dominant deformation
mechanisms in indented TiN films. In addition, sliding or shearing of
the columnar grains at grain boundaries results in shear steps near the
interface between the coating and the substrate, as marked by white
arrows. No delamination was found between the TiN coating and the
substrate, even under the highest load of 500mN, which indicates the
good adhesion provided by the Ti wetting layer. Fig. 6b was recorded
from the periphery of the spherically-indented region revealing a
number of transverse microcracks, which appear to be almost near
parallel to the undeformed coating surface, these are marked by pink
arrows.
TEM cross-sectional images of the TiN/g-TiSiN film are shown in
Fig. 6(c–e) for the entire coating, periphery and center of the indenta-
tion respectively. Four types of failure modes can be observed here, the
columnar cracks (green arrows), fine transverse cracks (pink arrows),
shear steps (white arrows), and radial cracks (purple arrows). When
compared with the TiN film, the columnar cracks appear finer and can
only be clearly seen in Fig. 6d. In addition, a small number of radial
cracks are present at the bottom of the TiN layer close to the center of
the indentation.
The observations suggest that radial cracks, rather than inter-
columnar cracks, are the dominant fracture mechanism in the TiN/g-
TiSiN film. Owing to the finer columnar structure, relative to the TiN
film, the sliding of the columnar boundaries is restrained and a large
tensile stress is distributed along the bottom of the TiN layer in the TiN/
g-TiSiN film. Thus, the stress is released by means of radial cracking at
the bottom of the TiN layer, which has lower mechanical strength than
the TiSiN graded layer.
TiN/g-TiSiN/TiSiN film
The cracks present in the cross-sections of TiN/g-TiSiN/TiSiN film
are different from the other two films because the residual indentation
is shallower. A relatively small amount of plastic deformation occurs in
both the substrate and the film. Fewer small intergranular cracks can be
seen in the TiN layer, indicating that little of the shear stress is trans-
mitted below the TiSiN nanocomposite layer that might cause slipping
of columnar crystals along the grain boundaries. No obvious shear steps
or radial cracks can be seen, which indicates the presence of a lower
stress at the bottom of the film.
A small number of lateral cracks were observed clearly in the TiSiN
nanocomposite layer, marked by yellow arrows. These cracks traverse
the refined columnar grain structure and propagate from the center of
the indentation to the outside and are parallel to the deformed film
surface. At one side, near the center of the indentation, the crack started
to bend toward the direction of the indentation axis. Also, there is a
small amount of crack branching apparent in this part of the crack.
This observation agrees with the results reported by Ma et al. [10]
who demonstrated that lateral cracking occurred more frequently in
dual-layer films compared with binary films. The generation of lateral
cracks may arise from a variety of factors [55–57]. First, is that the
TiSiN nanocomposite layer is more brittle than the lower layers. The
brittle layer releases stress through the formation of cracks rather than
plastic deformation [55]. Second is the distinct microstructure between
the TiSiN nanocomposite layer and the TiSiN graded layer. The cracks
are generated readily in the transition region between these two layers
due to the decrease of the shear stress applied on the oblique bound-
aries between the columnar grains during the transmission of the
Fig. 5. FIB image of a cross-section of the indents of (a) TiN film, (b) TiN/g-TiSiN film and (c) TiN/g-TiSiN/TiSiN film following nanoindentation to a maximum load
of 500mN using a 5 μm radius spherical indenter. (d) A higher magnification image taken from marked region in (c).
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applied load. Third, with the incorporation of Si, the columnar grains
become finer and are separated by amorphous Si3N4 along the growth
direction. The resistant to the initiation of lateral cracks is reduced by
the weakening of the orientation of grains.
According to the nanoindentation load–displacement curves. The
initiation of lateral cracks in TiN/g-TiSiN/TiSiN film is related to the
shear stress generated during the loading process, corresponding to the
slight changes in the slope of the curve during loading. Conversely, the
lateral crack will not be significantly deformed if the initiation of the
cracks occurs during the unloading process. The further propagation of
the lateral cracks corresponds to the abrupt change of the curve during
the unloading phase. It has been shown [58] that the axial stress in the
film can be generated by both the loading and unloading processes. The
vertical compressive stress is produced in the compressive region
during loading and relaxed during unloading. From the recovery of the
elastic strain, the strain outside the compressive region is transferred to
the compressive region through the film and converted into a tensile
stress. The tensile stress generated during the unloading process leads
to the generation of lateral cracks initiated in the loading process [59].
In brief, the dominant deformation mechanism in the TiN film is
through columnar cracking and shear stepping. The dominant de-
formation mechanism in the TiN/g-TiSiN film is cracking in the bottom
of the TiN layer, which results in radial cracks. The dominant de-
formation mechanism in the TiN/g-TiSiN/TiSiN film is the initiation
and propagation of lateral cracks in the TiSiN graded layer. Please note,
that most of the microcracks displayed in the TEM images described
exist over very fine scale lengths so not readily resolved in the FIB
images.
Finite element analysis
The stress distributions in the TiN/g-TiSiN/TiSiN film during the
nanoindentation test was studied via finite element modelling to ana-
lyses their influence on the initiation of cracks within the sandwich
structure, as compared with the TiN film and TiN/g-TiSiN film.
According to the structural layering of these films, three distinct coat-
ings systems are used in the simulation. Details of these coating systems
are given in Table 1. (a, b and c represent the TiN film, TiN/g-TiSiN film
and TiN/g-TiSiN/TiSiN film, respectively.)
The metal substrate is treated as an isotropic elastic–plastic mate-
rial, with stress–strain behavior following a bilinear relation, as shown
in Fig. 9, and assuming kinematic work-hardening and a von Mises
yield criterion. The films are assumed to deform in linear elastic mode
with isotropic elastic properties. Whilst elastic anisotropy has been
observed in the TiN layer of each film, simulations of films with dif-
ferent elastic modulus values in-plane and out-of-plane indicated that
the effect of elastic anisotropy on coating deformation behavior was
minimal compared with the influences of sliding stress and the prop-
erties of the substrate [58]. Correspondingly, the fine structure in the
TiSiN graded layer and the nanocomposite structure consisted of nc-TiN
embedded in amorphous phase matrix in the TiSiN nanocomposite
layer exhibit less prominent anisotropy. Accordingly, isotropic elastic
properties were assumed in each layer of the films throughout the
present study.
The mechanical properties for the materials used in the simulations
are given in Table 2 [28,58]. Note that with the content of Si increasing
gradually the mechanical properties of the TiSiN graded layer would
change correspondingly. This complicates the determination of the
Fig. 6. (a) and (b) are bright field TEM images of the indents of the TiN film, following nanoindentation to a maximum load of 500mN using a 5 μm radius spherical
indenter. (a) is an image taken from the center of the indent and (b) is taken from the edge of the indent at high magnification. (c) is the bright field TEM images of
TiN/g-TiSiN film, following nanoindentation to a maximum load of 500mN using a 5 μm radius spherical indenter. (d) is a higher magnification image taken from the
square left-hand side box in (c) and (e) is taken from the right-hand side square box in (c).
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mechanical properties of the TiSiN graded layer from the experiment.
Thus, a first-principle theoretical calculation was performed to in-
vestigate the effect of Si additions on the mechanical properties of
TiSiN. The calculated value of elastic modulus and Poisson’s ratio were
summarized in Table 2 and their function with Si concentration was
shown in Fig. 8(a). The calculation indicated that the value of elastic
modulus and Poisson’s ratio can be approximately treated as linearly
dependent on the Si content (from 0 to 10 at%). Comparing with the
reported mechanical parameters [60–62], the calculation result had
little difference with the experimental value and can be used as a set of
parameters for mechanical properties of TiSiN graded layer.
In order to define the TiSiN graded layer in the finite element
modelling and reflect the continuously changed composition in the
TiSiN graded layer, two simplified assumptions were adopted in finite
element simulation. The first was that the mechanical parameters of
TiSiN graded layer was assumed to have a linear correlation with the Si
concentration. As the fit curves shown in Fig. 8(a), the Poisson’s ratio
decreased linearly with the increase of Si concentration, while the
elastic modulus observed an opposite trend. The second assumption is
that the Si content would increase linearly with the film thickness in the
TiSiN graded layer. To sum up, the distribution of elastic modulus and
Poisson’s ratio of the film/substrate system for the three samples was
displayed in Fig. 8(b).
Fig. 9 shows the equivalent von Mises stress in the three films under
a maximum load of 500 N applied by a spherical indenter. The in-
dentation depths are shallow, except for the TiN thin film. The highest
equivalent stress appears directly under the indenter within the film
near the substrate for the TiN/g-TiSiN film. The stress here is tensile
along the deformed spherical surface, which is the main reason for the
formation of the radial cracks. The maximum equivalent stress in the
TiN/g-TiSiN/TiSiN film appears in the TiN layer close to the interface
with the TiSiN graded layer in the center of the indentation. which
prevents the generation of columnar cracks, radial cracks and shear
steps in the TiN layer. In Fig. 9 there is a relatively low stress con-
centration at the center of the indentation near the film surface and at
the contact edge, which are locations where ring cracks and edge cracks
are most likely to occur. There is also a small stress concentration re-
gion at the bottom of the film outside the indentation, which has been
demonstrated by others to be associated with transverse shear stresses
[28]. When this extends close to the interface, the transverse shear
Fig. 7. Bright field TEM images of the indents in the TiN/g-TiSiN/TiSiN, following nanoindentation to a maximum load of 500mN using a 5 μm radius spherical
indenter. (a) BF TEM image taken from the center of the indent close to the surface. (b) is high-magnification BF-TEM image taken from the white square in (a). (c) is
a high-magnification BF-TEM image taken from the other indent. (d) is a high-magnification BF TEM image of the TiN layer.
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stresses may result in both the formation of ring cracks and tilting of
radial cracks [63]. It is the transversal shear stresses generated on
loading that provide the possibility for the generation of lateral cracks
[64]. However, in the TiN layer, where deformation is dominated by
intercolumnar cracking, such stresses can effectively inhibit the initia-
tion and propagation of lateral cracks due to the presence of columnar
grains with vertically aligned grain boundaries. The transverse stress
concentration region is smaller in the TiN/g-TiSiN film, indicating that
the TiSiN graded layer in TiN/g-TiSiN/TiSiN film can effectively reduce
this stress. Although the transverse stress does not lead to cracking in
the TiN layer during the loading process, it will result in the initiation of
lateral cracks in the TiSiN nanocomposite layer, when the value of the
stress exceeds the fracture strength of TiSiN.
In conclusion, the FEM of the TiN/g-TiSiN/TiSiN films show that the
introduction of the TiSiN graded layer can effectively re-configure the
stress distribution of the film/substrate system, reduce the stress con-
centration in the film and suppress the generation of the radial cracks
and columnar cracks at the bottom of film. This modelling also de-
monstrates the advantage of this form of coating architecture in terms
of deformation resistance.
Conclusions
TiN/g-TiSiN/TiSiN thin films were prepared using unbalanced
magnetron sputtering. The cross-sections of these thin films before, and
after, indentation was examined by FIB imaging and TEM analysis. The
dominant deformation mechanisms in the TiN film, TiN/g-TiSiN film
and TiN/g-TiSiN/TiSiN film were investigated and stress distributions
in these thin films during indentation were analysis by FEM. The fol-
lowing conclusions can be drawn:
1. No delamination was observed in any the films when subjected to
the maximum nanoindentation loads (500mN).
2. The dominant deformation mechanism of the TiN film is the shear
sliding of columnar grains along their boundaries, which resulted in
a number intercolumnar cracks. The dominant deformation me-
chanism of the TiN/g-TiSiN film is the formation of radial cracks,
which are the result of a tensile stress in the TiN layer. No sharp
interface appeared with the gradual change of Si content. Further,
the finer columnar structure in the TiN/g-TiSiN film led to smaller
columnar cracks and stronger deformation resistance.
3. The TiN/g-TiSiN/TiSiN film showed the highest hardness and was
more resistant to contact damage than the TiN film and TiN/g-TiSiN
film. The TiSiN graded layer in the TiN/g-TiSiN/TiSiN film acted to
modify the stress distribution and lower the stress concentration
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Fig. 8. (a) The calculated value of elastic modulus and Poisson’s ratio with
different concentrations of Si; (b) Distribution of elastic modulus and Poisson’s
ratio on thickness for the TiN film, TiN/g-TiSiN film and TiN/g-TiSiN/TiSiN




Fig. 9. Distribution of equivalent von Mises stress in the four coatings at the
maximum indentation depth. (a) TiN film; (b) TiN/g-TiSiN film; (c) TiN/g-
TiSiN/TiSiN film.
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level. The columnar structure in the TiSiN graded layer hindered
lateral cracks from initiating and transferred the stress concentra-
tion from the TiN layer to the TiSiN nanocomposites layer. The
lateral cracks in the TiSiN nanocomposites layer initiated on loading
and continued to extend during unloading, which is seen as the
dominant failure mode for the TiN/g-TiSiN/TiSiN film.
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